Measurements of the refractive index profile have been made to provide data for obtaining local optical axis arrangement in the waveguide cross-section. Liquid crystalline planar waveguide tuned with the electric field has been. used. A new approach is proposed to accomplish refractive index profile measurements n1 a direct way. The modal line method is presented as a tool that allows one to do it and to improve the attenuated total reflection disadvantages as well. The obtained results maintain applicability of the modal line method for a direct refractive index profile measurement. To verify the method, nematic 6CHBT (4-trans-4-υ-hexyl-cyclohexyl-isothiocyanatobenzene) described earlier in the literature has been examined. A nematic mixture W602 contained 6CΗBΤ as a main component has been examined too.
Introduction
In the literature a few quite different methods for refractive index profile (RIP) measurements in liquid crystals have been presented [1] . The RIP investigated in liquid crystal (LC) has been calculated in an indirect way from reflectivity on liquid crystalline layer, measured in attenuated total reflection (ATR) experiments [2] . The reflectivity is measured with the aid of the prism coupler. After that, the fitting of the measured and theoretically obtained reflectivities supplies RIP values [3, 4] . During theoretical calculation one assumes that LC layer is considered as a multi-layered system of uniform biaxial slabs of dielectric material, with each slab thickness of d « λ, where λ is the wavelength of the incident light [5] . An algorithm of the calculation is usually built on the transfer matrix routine developed by Berreman and Scheffer and Azzam and Bashara [6] . In the presence of the sp mode mixing, this algorithm often exhibits numerical instabilities in reflectivity calculation.
One knows that thin liquid crystalline layer properties are strongly dependent on liquid crystal -substrate interactions. Especially LC layer alignment is determined by that interaction. The area of the LC layer that is affected by the considered interaction is of 0.1-1 μm thickness when it is measured from the layer edge. The director field orientation in this area can be different from that in the layer bulk. Because of different tilt angle in boundary layer from that in the bulk, dividing into equal sublayers in ATR calculations is a source of mistakes. On the • other hand, there is no way to know a priori a thickness of that boundary layer.
Those disadvantages can be overcome by modal line method (m-line method) that allows one to make a direct RIP measurement in the LC waveguides [7] . That method has been developed earlier in fiber optics [8, 9] and is adapted here to liquid crystal investigations. The local director field orientation inside liquid crystal film has been investigated also by Simoni et al. [10] by means of total internal reflection (TIR) from liquid crystalline film deposited on the bottom of the prism. The authors expected to obtain several fringes coming from the interference between wave reflected at the entrance surface and the wave reflected by TIR inside the sample. In fact that method is very similar to the leaky guided mode method exploited by Sambles and co-authors [2, 5, 7] . When the LC film is heterogeneous then the rules used by Simoni et al. [10] are fulfilled only for an ordinary wave. Further development of that method is presented in Warenghem et al. [11] and references therein. Nevertheless only the local tilt can be estimated in that method.
The aim of this paper is to develop a new approach for determining a local optic axis position in the LC layer cross-section. If RIP in the LC layer is known in two perpendicular cross-sections then a tilt of a local optical axis can be determined [12] . In such a way one can obtain director field orientation in the LC layer. The results have been shown in dependence on external electric field rms voltage. The tilt angle in all figures is shown as measured between director and waveguide planes.
Experimental set-up and modal line method
Let us consider a planar waveguide (shown in Fig. 1 ) in which the refractive index is a function n(x) where x is perpendicular to the guiding layer. The total phase change along zig-zag of the beam path must be a multiple of 2π for wave propagation in the guide. This resonance condition is [13] The turning point x m is defined by n(xm) = N1n. , where Nm is the effective refractive index for a mode that propagates along the guide. In (1) m is an integer numbering of the modes, and k 0 is the wave vector in free space. Phase changes φcα and Ψcb are described by Fresnel rules [13] Here p equals 0 for a wave polarized perpendicularly to the plane of incidence or 1 for a wave polarized in plane of incidence. The symbols a, b, c assign the waveguide regions, where c is the region of a guide, while b and αn are the regions of optical buffer on both boundaries of the waveguide.
To resolve Eq. (1) the effective indice Nm for a mode with the number m has to be measured. Such reconstruction of n(x) is an inverse problem and a solution has been obtained by WKB method [12] . In the first term of the product in (1) we assumed a linear variation [12] Integrating in (1) with the above assumptions results in recursive relation for xm, and xm-1 in which in the first step we can assume that x0 = 0, N0 = n(0) Each N,,,. is the discrete value of n(x m ) so one can fit as many interpolating polynomial parameters as mode number. The trial function n(x) obtained in such a way is used in (1) to calculate corrections for turning points. Those corrections are used in (4) to verify turning point positions. It is repeated until one obtains a demanded accuracy for turning points.
The effective indices have been measured in a device, the scheme of which has been shown in Fig. 1 . It is constructed as follows: the liquid crystal layer is deposited between two prisms of the high refractive index. The bottom of each prism is coated with layers, refractive index of which is lower than the one of the liquid crystal. The indium tin oxide (ΙΤO) is a part of the buffer layer to apply the voltage through the layer. The LC is aligned with a rubbed polyimide covering the SiO 2 , layer, which is deposited on the surface of PTO. The area of ITO, SiO2 and polyimide create an optical buffer. The thickness of this optical buffer layer is properly chosen to ensure the light coupling into the waveguide. A symmetrical construction of the measuring device allows one to examine LC layers with non-symmetric RIP.
If an incident photon along the interface between prism and LC layer matches the momentum of the optic mode in the waveguide, the refractive index for the mode excited at this moment is equal to This relation can be easily seen from Fig. 1 . The used symbols assign α -the prism's angle as in Fig. 1, 0 n,. -the incidence angles during the guided mode excitation, np -the refractive index of the prism. So Nm from formula (1) can be easily measured by determination of the 8m angle and can be applied in (1) .
Both prisms in the measurement device have been worked as input-output couplers. Consequently evanescent field from the excited modes is coupled into the prism and can be observed as modal lines on the screen or CCD camera (see Fig. 1B ).
When the RIP is obtained from the solution of (1) the known rule for birefringent media provides a possibility to determine an angle γ between the local optical axis and the wave vector k of the guided mode. In formula (6) n e and no are the extraordinary and ordinary refractive indices for the applied liquid crystal. The meaning of angle γ is illustrated in Fig. 2 .
In twisted nematic (TN) the extraordinary wave vector does not remain in plane of incidence during wave propagation. The propagation constant of the extraordinary wave is dependent on angle between optical axis and wave vector [14] . So in a twisted structure formula (6) cannot be used for the obtained angle γ. An ordinary wave has the propagation constant independent of that angle.
An accurate determination of the angle between the wave vector of the measured mode and the optical axis in the turning point allows one to operate in the regime for pure ΤΜ and TE modes. Such modes are guided when optical birefringence induced by external field has C2v or C point symmetry. It depends on external field voltage and can be easily observed as mode line polarization in plane perpendicular to the waveguide layer (for ΤΜ mode) or parallel to it (for TE mode).
The construction of the measuring head like in Fig. 3 allows one to make observations for wave propagation in two perpendicular directions.
Positions of a local optical axis measured in relation to wave vector in both perpendicular planes always coincide. It has been shown in Fig. 4 . Therefore one can obtain arrangement of local optical axis.
Results of measurements
The prisms in a measurement device have been made from Bi 12 SiΟ 20 as square based (with faces 12 mm x12 mm). Both prisms worked as input and output couplers. The laser He-Ne was applied in the measurements. The prism bottoms have been coated with the tin-indium oxide and with 100 nm thick SiO2. On this optical buffer the covering rubbed polyimide layer has been deposited (: 40 nm). At 632.8 nm wavelength the refractive index of the prism is equal to 2.5450 while the SiO 2 /ITO/polyimide optical buffer's refractive index has been measured as equal to 1.4850.
The homogeneous layers of two nematic liquid crystal (NLM), mixture W602 (catalogue number from AWAT in MUT Poland), and 6CΗΒΤ from that laboratory have been examined in the experiment. Values of the refractive indices in this material are equal to n e = 1.6494, and n ο = 1.5029 in W602, and n e = 1.6800, and no = 1.5200 for 6CΗΒΤ when Τ = 20.0°C [15] [16] [17] .
Let us analyse homogeneous alignment of NLC for two different cases. The first case, when directors are aligned in plane parallel to the waveguide axis (along the z axis in Fig. 1) , and the second, when directors lie in plane perpendicular to the waveguide axis (parallel to they axis in Fig. 1 ). In the second case mixed s-p modes are always present in the waveguide [12] . In that case the wave vectors of both ordinary and extraordinary waves are perpendicular to the optic axis. Hence neff does not change while voltage increases (see Fig. 5 ), only a small change in LC-polyimide boundary is observed. It can be interpreted as a result quite different from that in the layer bulk LC-substrate interaction in the layer boundary vicinity. The refractive index profile for this case is illustrated in Fig. 5 .
In the first case ΤE modes do not couple with ΤM modes. The wave vector for ordinary and extraordinary waves lies in the plane of incidence and simultaneously in the plane parallel to the guide axis. The p (TE) mode is equivalent to ordinary wave and is unchanged during electric deformation of the wavieguide layer. The s (TM) mode is an extraordinary wave and those modes are highly sensitive to external fleld voltage. The result of the measurement for that case is presented in Fig. 6 .
We have assumed that the conduction processes may be neglected because of:
1. the resistivity is equal to 10 12 Ω cm in liquid crystal, 2. the highest used voltage is equal to 10 V in the cell 6 m thick, 3 . the external field frequency is equal to 2 kHz. The tilt angle across the layer for initially homogeneous W602 layer has been shown in Fig. 7 . The tilt values have been calculated from the angles obtained in formula (6) .
Approximation deviations can be seen in Fig. 7 so just joining line for experimental data like in Fig. 5 and Fig. 6 seems to be quite appropriate for certain presentations. Profiles of the refractive index in thin 3 m thick layer of 6CΗΒT are shown in Fig. 8 . The behaviour of director tilt for illustrated cases is shown in Fig. 9 .
For the same voltage, layer thickness and initial layer alignment we get comparison of the investigated liquid crystalline substances. Below (Fig. 10 ) RIP in initially twisted 3 m thick layer for both of them is shown. In Fig. 9 we can see that a certain area in the layer boundary vicinity has not been deformed when U = 3 V. It may be caused by numerical inaccuracies during polynomial approximation. A similar situation has been illustrated in Fig. 7 . Because the profiles in Fig. 10 exhibit a lack of deformation in part of the layer as a consequence of . measurement we can suppose that area which is not deformed in the 6CΗΒΤ layer is a real result. The explanation is that 6CΗΒΤ molecules are strongly anchored. Simultaneously W602 exhibits a lower deformation than 6CΗΒΤ. It means that the anchoring energy of the nematic mixture is lower than that in 6CHBT, but the elastic constants should be higher in W602.
Conclusions
The advantage of the presented method is that RIP is directly measured and no aid of theoretical models of LC layer deformation is needed. The used formulae give values of refractive index in turning points for each mode guided in the LC layer. Those points lie on the refractive index profile. Data of a RIP obtained in such a way can be applied for local optical axis investigations in the LC layer cross-sections. The presented results have been obtained with an accuracy of about 2% for turning point position and 0.5 x 10 -3 for refractive index value. The achievable accuracy can be improved. One should remember that an integer in formula (1) The presented method allows one to observe deformations in liquid crystalline layers and to verify theoretical model of such deformations. Because in the aligned liquid crystals the local optical axis is parallel to the director, one can assume that the obtained results are director field shape in the considered LC layers.
